Abstract Cardiovascular disease (CVD), both clinical and subclinical, has been proposed as one of the mechanisms underlying frailty. However, there is no evidence addressing the relationship between the earliest stage of CVD (endothelial dysfunction) and frailty. The goal of the study was to analyze the association between endothelial dysfunction, evaluated by asymmetric dimethylarginine (ADMA) levels, and frailty. We used data from the Toledo Study for Healthy Aging, a prospective Spanish cohort study. Biological samples were obtained and ADMA levels were determined using an enzyme immunoassay method. Logistic regression was used to estimate the odds ratio (OR) and 95 % confidence intervals of frailty associated with ADMA. Adjustments were made for age, gender, cardiovascular risk factors, and presence of atherosclerotic disease (assessed by ankle-brachial index; ABI). One thousand two hundred eighty-seven community-dwelling elderly were included. One hundred seven (8.3 %) were identified as frail, 542 (42.1 %) as pre-frail, and 638 (49.6 %) as non-frail. ADMA values were higher in frail subjects than in non-frail ones. In addition, an interaction between the presence of atherosclerotic disease and ADMA on the odds of frailty (p=0.045) was detected. After adjustments for age, classical cardiovascular risk factors, and ABI, the risk of frailty was associated with increasing levels of ADMA in subjects without atherosclerotic disease [OR for 1 standard deviation increase in ADMA=1.14 (1.01-1.28), p=0.032] but not in those with atherosclerotic disease. In our study, endothelial dysfunction, assessed by ADMA levels, is associated with frailty. These findings provide additional support for a relevant role of vascular system since its earliest stage in frailty.
impaired adaptive capacity across multiple physiologic systems predisposing to falls, fractures, functional impairment, institutionalization, and death Rodriguez-Mañas et al. 2012 ). Gill and colleagues (2006) were the first in suggesting that frailty is a reversible process thus opening new targets in disability prevention and elderly care.
The physiological changes underlying frailty are difficult to identify (Walston et al. 2006) . Alterations in several physiological systems have been suggested, including neuroendocrine dysregulation, decreased musculoskeletal functioning, immunological impairment, inflammation, and cardiovascular disease (CVD) (Carcaillon et al. 2012a; Carcaillon et al. 2012b; Barzilay et al. 2007; Newman et al. 2001) . The relation between frailty and CVD has been shown not only for clinical diseases like stroke, infarction, angina, or intermittent claudication but also for subclinical manifestations .
The endothelium plays a crucial role in the vascular physiology and in the mechanisms leading to vascular diseases (Sitia et al. 2010) . Previous studies demonstrated that endothelial dysfunction precedes atherosclerotic disease and predicts future cardiovascular events (Sitia et al. 2010; El Assar et al. 2012; Najjar et al. 2005) . Among several substances and mediators, nitric oxide (NO) has been extensively studied as one of the most relevant factors released by the endothelium, playing an outstanding role in maintaining the function of the vascular system . Reduced NO bioavailability is one of the changes usually observed in endothelial dysfunction and leading to vascular disease ). Asymmetric dimethylarginine is an endogenous inhibitor of NO synthase (Cooke 2005 ) commonly used as a marker of endothelial dysfunction (Stuhlinger et al. 2003) . Many studies have shown that increased concentrations of asymmetric dimethylarginine (ADMA) was present in several conditions associated to endothelial dysfunction including aging, hypercholesterolemia, hypertension, diabetes mellitus, obesity, hyperhomocysteinemia, and renal failure (Sibal et al. 2010) . Furthermore, in prospective studies, increased ADMA concentration has been identified as an independent risk factor for progression of atherosclerosis and cardiovascular death (Meinitzer et al. 2007) .
Although the association between CVD (clinical and subclinical) and frailty is well established, there are no studies assessing the relation between endothelial dysfunction (the earliest form of subclinical CVD) and frailty. The goal of this study was to analyze the relationship between endothelial dysfunction, evaluated by ADMA levels, and frailty.
Methods

Study population
The Toledo Study for Healthy Aging (TSHA) is a Spanish longitudinal population-based study, designed for evaluating the determinants of physical frailty in the elderly. The used methodology has been reported previously (Garcia-Garcia et al. 2011) . Participants in the TSHA come from two sources. The first one, called "the historic cohort," is formed by the survivors of a previous study (The Toledo Study), a population of subjects being over 77 years in 2006 (Garcia Garcia et al. 2001) . Individuals 65-76 years old in 2006, specially recruited for the TSHA study, form the second one, called "the new cohort." Subjects from both sources were selected by a two-stage random sampling from the municipal census of Toledo, covering institutionalized and community-dwelling people from rural and urban settings. All subjects underwent the same assessment.
Data were collected between June 2006 and September 2009. Firstly, trained psychologists went to the subjects' house to fill in questionnaires with extensive information on sociodemographic characteristics, social support, dependence in activities of daily living, physical activity, health related quality of life, depressive symptoms, and cognitive function. In addition, data about prevalent disease, including cardiovascular risk factors (hypertension, diabetes, obesity, and hypercholesterolemia) and CVD were collected by self-reporting. Subsequently, enrolled subjects underwent a complete physical exam by a team of nurses. They evaluated the heart rate, blood pressure, anthropometric measures, ankle-brachial index, and physical performance (walk speed, upper and lower extremities strength, balance, and the stand-and-sit from a chair test). Finally, study participants went to their health center to provide a fasting blood sample.
The study protocol was approved by the Clinical Research Ethics Committee of the Complejo Hospitalario de Toledo, Spain. All study participants gave a signed informed consent prior to their inclusion in the cohort.
Blood collection and measurements
At baseline, blood samples were obtained from all subjects (45 cm 3 of blood while fasting). Within 2 h since drawing, samples were taken to the laboratory in containers at a temperature between 2 and 4°C, and then they were divided in aliquots with EDTA and stored at −80°C. Asymmetric dimethylarginine was measured in the Research Unit of the Hospital Universitario de Getafe (Madrid, Spain). ADMA levels were determined using a validated enzyme immunoassay method (Schulze et al. 2004) with expected values between 0.4 and 0.75 μmol/l (80-150 ng/ml) and a sensitivity of 0.05 μmol/l. The coefficients of inter-assay variation were 9.8 to 10.3 % for lower levels and 8.3 to 9.4 % for higher levels. The coefficients of intra-assay variation were 5.7 to 6.4 %.
Frailty measure
Frailty was assessed using Fried's criteria ), but using cutoff points for slowness, weakness, and low physical activity adapted to the characteristics of our population (see later). Five items compose this scale: slowness, weakness, weight loss, exhaustion, and low physical activity. The method of measuring every item has been described elsewhere (GarciaGarcia et al. 2011) . Slowness was defined using the 3-m walking speed test; individuals were asked to walk 3 m at their usual pace, following a standardized protocol; sex-and height-adjusted time points were used; the slowest quintile was considered positive. Weakness was measured by grip strength in the dominant hand using a Jamar hydraulic dynamometer; the result was adjusted by the subject's body mass index; those in the bottom quintile were considered positive for this criterion. Weight loss was considered positive for reporting more than 4.5 kg of unintentional weight loss in the previous year. Exhaustion was assessed using two questions ("I felt that anything I did was a big effort" and "I felt that I could not keep on doing things"); answers were scored between 0 and 4 depends on symptoms' frequency; if any question was answered 2 or higher, this criterion was considered positive. Low physical activity was based on the Physical Activity Scale for the Elderly (Schuit et al. 1997) ; those in the worse quintile of physical activity were considered positive for this item. Subjects were classified as frail if they met three or more of these items, as pre-frail if subjects met one or two criteria, and non-frail or robust if none item was present.
Atherosclerotic disease definition
Atherosclerotic disease was considered as a selfreported history of stroke, myocardial infarction, angina pectoris, or intermittent claudication. Subclinical atherosclerotic disease was assessed by ankle-brachial index (ABI). For this purpose, blood pressure was determined, in all patients, in both arms and ankles (posterior tibial artery and dorsalis pedis artery) with the patient supine for at least 5 min before, using a standard sphygmomanometer and a handheld Doppler ultrasound (Vascular Pocket Doppler Model 841-A; Parks Medical Electronics, Inc, Aloha, OR). A cycle of measurements (right arm, right ankle, left ankle, and left arm) was repeated, and the means of two measurements for each limb were used. Finally, the ratio of the highest systolic pressure in the ankle to the higher of the left or right brachial systolic pressure was used to define the ABI (Espinola-Klein et al. 2008; Hirsch et al. 2006) . The participants were classified by their ABI according to the ACCF/AHA 2011 Guidelines (ACCF/AHA 2011) ( Table 1) .
Statistical analysis
Subject's characteristics according to frailty status were compared using Pearson Chi-square tests. ADMA was log-transformed to normalize its distribution. Levels of ADMA according to subjects' characteristics are consequently displayed as geometric means and interquartile range. GM comparisons were performed using standard Student t tests for dichotomous variables and using ANOVA for variables with more than two categories. Odds ratio (OR) and 95 % confidence interval (95 % CI) of frailty (versus robust and pre-frail) associated with ADMA were estimated using logistic regression. OR were estimated for 1 standard deviation (SD) increased in ADMA as well as for quartiles. Test for linear trend across quartiles are displayed. In addition, deviation from linearity was assessed using appropriate loglikelihood tests. Adjustments were made for classical cardiovascular risk factors (age, sex, hypertension, diabetes, hypercholesterolemia, and BMI), the presence of atherosclerotic disease (clinical and subclinical), and the renal function. Multiplicative interactions between ADMA and adjustment variables were systematically tested before adjusting for this variable. As we detected an interaction between the presence of atherosclerotic disease and ADMA, results are given in both strata separately.
Results
Study population
One thousand two hundred eighty-seven persons (552 men and 735 women) composed our study population. The mean age was 74.4 (5.4) years. Table 1 displays the  sample characteristics according to frailty status and the  Table 2 shows the ADMA levels according to subject characteristics. Overall, 18.8 % of the subjects were diabetic, 52.1 % had hypertension, 39.0 % had hypercholesterolemia, and 41.4 % were obese. Regarding clinical atherosclerotic diseases, 401 diagnoses of angor, myocardial infarction, stroke, or intermittent claudication, either isolated or in combination, were collected. Women had more comorbidities than men 1.7 (SD=1.1) versus 1.4 (SD=1.1), p<0.0001. Frailty was associated with older age (p<0.0001), lower educational level (p=0.002), BMI (p<0.0001), and presence of atherosclerotic disease (p<0.0001).
When we assessed levels of ADMA according to subject's characteristics (Table 2) , we found differences in ADMA values according to the frailty status (p=0.045) as well as according to age, sex, and education level. There was no association with classical risk factors neither with clinical CVD.
Effect of the endothelial dysfunction on the relationship between ADMA and frailty There was an interaction between ADMA levels and atherosclerotic disease on the odds of frailty (p=0.045). (Fig. 1) .
To further evaluate the relationship between endothelial dysfunction and frailty, multivariate analyses were performed separately in subjects with and without clinical CVD. After adjustment for classical cardiovascular risk factors, there was a significantly increased risk of frailty associated with increased ADMA levels (p for trend=0.032) in subjects without clinical CVD, but not in those with clinical CVD (Table 3) . Further adjustment for ABI, an objective measurement of subclinical atherosclerotic disease, did not substantially modify the results. The risk of being frail increased as did the concentration of ADMA, being doubled for the subjects in the highest quartile [2.09, 95 % CI (0.95-4.61), p for trend=0.018] (Table 3) . Finally, as ADMA levels can be modified by the presence of kidney dysfunction, we make a final adjustment by creatinine levels. This last adjustment did not produce any significant change in the association trend [2.05, 95 % CI (0.92-4.51), p for trend=0.021] (Table 3) . Again, no relationship was found in subjects with clinical CVD. We did not identify any significant interaction between other subjects' characteristics and ADMA on the odds of frailty.
Discussion
In the present paper, we show for the first time an association between frailty and endothelial dysfunction. These findings not only reinforce the known relationship between frailty and CVD (clinical and subclinical) but also support that this relation exists since a very early stage when only the endothelial dysfunction is present.
The existence of a relationship between the vascular system and frailty has been claimed since more than a decade. However, the precise stage of the vascular disease from which this association is present remains unclear although it may be of great clinical relevance as to target populations suitable for intervention and prevention. The first data showing an association between frailty and CVD were published in a secondary analysis of the Zutphen Elderly Men's Study in 1999 [OR for CVD in frail men=4.1, 95 % CI (1.8-9.3)] (Chin et al. (Woods et al. 2005) . Furthermore, epidemiological data reinforce these findings in different settings and with different frailty scores Purser et al. 2006 ). Only one previous study (the Cardiovascular Health Study ), reported an association between subclinical CVD and frailty. In this study, the presence of different biomarkers of CVD in absence of clinical manifestations was associated with frailty. ADMA reduces NO production by a competitive inhibition of endothelial nitric oxide synthase (eNOS) (Cooke 2005) . NO induces vasodilatation and inhibits platelets aggregation, adhesion of monocytes and leukocytes to the endothelium, smooth muscle cell proliferation, oxidation of LDL, and vascular inflammation by suppressing the expression and activity of adhesion molecules and chemokines, protecting the vascular wall from different stresses and injuries (Sibal et al. 2010) . As a consequence, when ADMA levels increases, endothelial dysfunction appears and, if it is maintained along the time, subsequent atherosclerosis develops (Cooke 2005) . Several studies done in patients with hypertension and hypercholesterolemia showed ADMA levels inversely correlated to the endothelial dependent vasodilatation, measured by brachial artery flow (Achan et al. 2003; Perticone et al. 2005) . All these studies have reported ADMA as a novel marker of endothelial dysfunction. Furthermore, in prospective studies, increased ADMA levels were strong predictors of cardiovascular events and mortality not just in patients with cardiovascular risk factors and CVD but also in healthy people (Schulze et al. 2005) .
Increased concentration of ADMA by age and impaired renal function are usual findings Xiao et al. 2001; Kielstein et al. 2003) . However, they do not seem to account for our findings since both variables have been included in the adjusted multivariant models, without changing the association between ADMA and frailty in older people without CVD.
Moreover, although not directly accounting for this relationship, some common mechanisms may explain, at least partially, the direct relationship between ADMA levels and frailty. One of the most constant findings in frail people is an increase in inflammation and in oxidative stress (Mulero et al. 2011) . And these two same mechanisms have been related to a decrease in the vascular level of dimethylarginine dimethylaminohydrolase (DDAH), the key enzyme for ADMA metabolism (Teerlink 2005) .
It has been demonstrated that increased ADMA concentration is associated with reduction of DDAH expression in some cardiovascular diseases such as atherosclerosis and hypertension (Chen et al. 2013) . ADMA levels (µmol/l) P-value = 0.348 Fig. 1 Age-adjusted geometric means of ADMA in frail, pre-frail, and non-frail subjects with and without atherosclerotic disease DDAH exists in two isoforms DDAH-1 and DDAH-2 with distinct tissue-relevant distribution. DDAH-1 is predominantly expressed in tissues expressing neuronal nitric oxide synthase, whereas DDAH-2 is located mainly in vasculature tissues containing the eNOS isoform. It was shown that DDAH-2 is inhibited by reactive oxygen species leading to ADMA accumulation (Ito et al. 1999) . Furthermore, the expression of DDAH has been shown to be reduced in endothelial cells pretreated with TNF-α (Ito et al. 1999) . The association between endothelial dysfunction and frailty strengthen the role of vascular disease in frailty, suggesting that it would be relevant since the very early stages of vascular dysfunction when only functional impairment (endothelial dysfunction) is apparent. This fact opens new perspectives in the field of frailty. First, these results offer new views to the interpretation of some research results regarding frailty. Until now, different observational studies have shown a relationship between immunological and thrombosis biomarkers (factor VIII, D-dimer, C-reactive protein, low hemoglobin, high leukocytes, high fibrinogen…) with both CVD and frailty showing possible mechanistic links between them (Phan et al. 2008; Walston et al. 2002) . However, many of these factors are also related to endothelial dysfunction, thus supporting a potential role for endothelial dysfunction in the pathophysiology of frailty. In this regard, it is interesting to note that aging per se induces endothelial dysfunction, in absence of cardiovascular risk factor and CVD (RodriguezMañas et al. 2009; Angulo et al. 2012 ). The mechanism of this age-associated endothelial dysfunction has two complementary sources: an increased oxidative stress and a pro-inflammatory profile (Rodriguez-Mañas et al. 2009 ). As it has been previously stated, these two mechanisms are also related to both increased plasma levels of ADMA and frailty, suggesting a common underlying mechanism. Unfortunately, we did not measure these biomarkers that could be of utility to support this pathophysiological link. Second, our results suggest that ADMA, in addition to be a risk marker of endothelial dysfunction and a strong predictor of CVD, might be a novel marker of frailty in patients without CVD. This opens new alternatives for elderly care, including both the treatment and prevention of frail older people. In this regard, a necessity to identify potential biomarkers of frailty useful to improve the diagnosis and prognosis of this syndrome has been claimed by different groups of experts. In addition, recent literature proposes ADMA as a target for pharmacotherapy in diseases and conditions that are different from CVD but in which endothelial dysfunction may be involved (Sibal et al. 2010; Beltowski and Kedra 2006) . The fact that we did not find any association between ADMA and frailty among subjects with clinical atherosclerotic disease may be due to the weight of clinical CVD in determining frailty, making undetectable the effect of the endothelial dysfunction on frailty when the symptomatic disease is present. Regarding subclinical CVD, the association between endothelial dysfunction and frailty is independent of its presence, as it remains after adjusting for this factor. As a whole, this picture draws a scenario where pathological changes in the cardiovascular system are involved in mechanisms leading to frailty since their earliest stages, with the heaviest role for clinical CVD but with relevant roles for both subclinical CVD and endothelial dysfunction.
Our study presents some strengths and limitations. As strengths, we have evaluated this relationship in the TSHA cohort. This study is being carried out on a large population-based sample of subjects (Garcia-Garcia et al. 2011) . Frailty was measured using Fried's clinical criteria, one of the most validated frailty scales, but fitted to the profile of our population. This adjustment of the cutoff point for meeting the diagnostic criteria is important when you are working on populations phenotypically different from the ones where frailty criteria were originally described. There is some literature where it was found that the prevalence of frailty was really discordant between different countries using the same cutoff points as those used for the US population (SantosEggimann et al. 2009 ). For avoiding these differences, the main studies that assess the frailty phenotype in different settings, which is with different populations, use the LP Fried criteria but standardizing them to their own populations (continuous variables are thus considered positive when the subject belongs to the lowest quintile in its own population not in the US population) (Espinoza et al. 2010) . Otherwise, the risk for misestimating frailty is really high (RodriguezMañas et al. 2012; Bergman et al. 2007; SantosEggimann et al. 2009 ). To avoid misdiagnosis of frailty, we adapted the cutoff points for the three items highly dependent on the characteristics of the individuals (gait velocity, grip strength, and physical activity) to our population, maintaining the criteria to meet each one of the items (Percentile 20 of the distribution) as originally described. The measurements were performed by skilled, trained, certified researchers. We used ADMA as a marker of endothelial dysfunction. Although a direct assessment of endothelial function is the "gold standard," its use in epidemiological studies with many participants presents relevant challenges that can be overcome by the use of biomarkers like ADMA. ADMA has been used in several recent studies (not only epidemiological but also in little cohorts of individuals or in case-control studies) as a reliable biomarker of endothelial function (Hsu et al. 2012; Rentoukas et al. 2012; Dogru et al. 2012) . ADMA determinations were performed using a validated quantitative determination by enzyme immunoassay (Schulze et al. 2004 ). All determinations were performed twice to reduce the risk of error variation.
The two main limitations of our results are its crosssectional design, which does not allow us to conclude in terms of causality and the self-reported nature of the information regarding the presence of CVD. Nonetheless, selfreport data have been extensively used in epidemiological studies although some authors have claimed that they underestimated the true prevalence of disease (Espelt et al. 2012) . A bias of the results based on the differential misclassification of the subjects according to their cardiovascular status is unlikely so this issue may only lead to underestimate the association of ADMA with frailty among subjects without atherosclerosis. Moreover, the tendency observed in the group of self-reported atherosclerotic disease goes in the opposite direction, decreasing the OR as ADMA increases and, anyway, far from the statistical significance. In addition, we further adjusted our model for a robust surrogate of the presence of atherosclerosis (ABI), which remains as a good biomarker of subclinical atherosclerosis (Berni et al. 2011; Lim et al. 2013; Zhang et al. 2013 ) and the renal function, estimated by the creatinine levels, because of the kidney metabolism of the ADMA. The possible remaining variability due to these factors has been taken into account in the last models, showing no differences in the association.
In conclusion, we show for the first time a relationship between endothelial dysfunction and frailty in older people. These findings provide additional support for a relevant role of vascular system in frailty since the early stages of vascular disease that, if confirmed, should raise new targets for detection, intervention, and prevention of frailty.
